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Abstract 
To mitigate inter-cell interference in 3G evolution systems, a novel inter-cell interference coordination scheme called soft 
fractional frequency reuse is proposed in this article, which enables to improve the data rate in cell-edge. On this basis, an 
inter-cell power control is presented for the inter-cell interference coordination, and the inter-cell balanced signal to interference 
plus noise ratio (SINR) among users is established for power allocation, which enables mitigation of inter-cell interference. 
Especially, the power control is based on a novel exponential kernel equation at higher convergence speed than the traditional 
arithmetic kernel equations. Numerical results show that the proposed scheme improves the throughput and reduces the blocking 
rate compared to the existing power control algorithms. 
Keywords  3G evolution, inter-cell interference, power control, power allocation, exponential iteration 
1  Introduction 
With the continuous growth of the market for wireless 
communications, there is an increasing need for 3G evolution 
systems. For 3GPP organization, the universal mobile 
telecommunications system (UMTS) is proposed for 3G long 
term evolution (LTE), which is called as the evolved UMTS 
terrestrial radio access (UTRA) and UMTS terrestrial radio 
access network (UTRAN). On the other hand, for 3GPP2 
organization, ultra mobile broadband (UMB) is proposed and 
enhanced, which aims at almost the same requirements as those 
in 3GPP long term evolution (LTE).  
Orthogonal frequency division multiplexing (OFDM) is 
one of the key technologies for 3G evolution systems. The 
sub-carriers in OFDM system provide orthogonality for users 
of the same cell. Hence the intra-cell interference is 
effectively avoided. However, when the subcarriers are reused 
among different cells, additional inter-cell interference is 
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introduced in the system. 
To mitigate inter-cell interference, three schemes are 
proposed by 3GPP organization, which respectively are 
interference randomization, interference cancellation and 
interference coordination [1]. Among these schemes, the 
interference coordination approach is the one that receives 
increasing interest in the framework of 3GPP LTE and 3GPP2 
UMB proposals. 
As an important method in inter-cell interference 
coordination, the frequency reuse schemes are researched in 
plentiful articles. In Refs. [2–3], the frequency reuse factor in 
cell-center is 1, while in cell-edge is 1/3. In Ref. [4], it gives a 
frequency reuse from the point of coloring method in graph 
theory, which is based on the user equipment (UE). However, 
its complexity increases as the number of UE increasing. In 
Ref. [5] an overview is given of contemporary and forward 
looking inter-cell interference coordination techniques for 4G 
OFDM systems, such as adaptive frequency reuse, power 
control, etc. In Ref. [6] an overview is presented of 
interference coordination, respectively based on global system 
knowledge and local system knowledge. In Ref. [7] the ICIC 
gain for the uplink of the 3GPP LTE system is investigated. 
Moreover, a number of FFR based schemes are compared in 
Refs. [8–9]. Among these articles, users are divided into 
cell-center and cell-edge according to the ratio of receiving 
power from local cell to the co-frequency interfering power 
from other cells. The frequency reuse factor in cell-center is 
usually 1, while in cell-edge is a fraction smaller than 1. 
However, when it refers to power allocation for users, 
many 3GPP proposals share a common power allocation 
strategy [2–3]. In this case, partial power is assigned to the 
users in the cell-center, whereas full power is allocated to the 
users in the cell-edge (this scheme is also referred to as fixed 
power allocation). However, the performance of these 
frequency reuse schemes is still significantly lower for the 
users in the cell-edge area. Moreover, the fixed power 
allocation scheme may introduce additional interference by 
allocating full power to users in the cell-edge. 
In this scenario, a novel inter-cell coordination scheme 
called soft fractional frequency reuse (SFFR) is proposed in 
this article, which has been tested in China FuTURE 4G TDD 
trials. Moreover, it can effectively improve the data rate in 
cell-edge. To further mitigate the inter-cell interference, an 
inter-cell power control algorithm is also considered to 
dynamically adjust power allocation, and a balanced signal is 
established to SINR among cells, which enables mitigation of 
the inter-cell interference. 
The remainder of this article is organized as follows: SFFR 
scheme is introduced in Sect. 2. The inter-cell power control 
is proposed in Sect. 3. Moreover, the kernel iterative 
equations in the power control are analyzed, and the process 
of such inter-cell power control algorithm is introduced. The 
performance analysis of SFFR and inter-cell power control is 
made in Sec. 4. Finally, the main conclusions are drawn in 
Sect. 5. 
2  Soft fractional frequency reuse 
To improve the performance in cell-edge, the SFFR scheme 
is proposed, which is based on soft frequency reuse (SFR) [3]. 
As shown in Fig. 1, the characteristics of such reuse schemes 
are given as follows: the whole cell is divided into two parts, 
cell-center and cell-edge. In the cell-center, the frequency 
reuse factor (FRF) is set as 1, while in cell-edge, FRF is 
dynamic and the frequency allocation is orthogonal with the 
edge of other cells, which can avoid partial inter-cell 
interference in cell-edge. 
Specially, users in each cell are divided into two major 
groups according to their geometry factor. In the cell-edge 
group, users are interference-limited due to the neighboring 
cells, whereas in cell-center group users are mainly 
noise-limited. The available frequency resources in the 
cell-edge are divided into some non-crossing subsets in SFFR. 
Fig. 1  Concept of soft fractional frequency reuse 
The set of available frequency resources in the cell is 
allocated as follows: the whole frequency band is divided into 
two disjoint sub-bands, G and F, where G is allocated to the 
cell-center users and F to the cell-edge users. Considering a 
cluster of 3 cells, as the one shown in Fig. 1, let 1F F= ∪  
2 3F F∪ , where iF  denotes the subset of frequencies 
allocated to cell i, ( 1,2,3)i = , and the subsets iF  may be 
overlapped with each other. 
Since the cell-edge users are easily subject to co-frequency 
interference, the frequency assignments to the cell-edge users 
greatly rely on radio link performance and system throughput. 
Generally, the cell-edge can be divided into 12 regions, as the 
ones marked by 1, 4, and 9 in cell 1 (see Fig. 1). Therefore, in 
a cluster of 3 adjacent cells, there are 9 parts in the cell-edge 
corner, which are in the shaded area. Moreover, this SFFR 
model is considered as an example to deduce the design of the 
available frequency band assignment for the fields marked by 
1,2,..,9. 
In SFFR, all the available frequencies in cell-edge are 
divided into 6 non-overlapping subsets. Such subsets are 
respectively 1 2 3 4 5,  ,  ,  ,  u u u u u  and 6u , while the subset in 
cell-center is 0u . First, the authors select frequency from the
subsets 1u , 2u , 3u . If it is insufficient, choose frequency
from 4u , 5u , 6u . If inter-cell interference increases, add
frequency into 4u , 5u , 6u , and decrease the cover area in
cell-edge. If such interference is controlled in a low extension, 
decrease the frequency in subsets of 4u , 5u , 6u , and increase 
the cover area in cell-edge, which enables improvement in the 
frequency utilization. Moreover, the authors assume 1/ 3A =
1 2 3{ , , }u u u , 2 / 3 4 5 6{ , , }A u u u= and 3 / 3 0{ }A u= , where 1/ 3A
denotes the frequency set with 1/3 reuse, 2 / 3A  denotes the 
frequency set with 2/3 reuse and 3/ 3A  denotes the frequency 
set with FRF equals to 1. 
Following the definition of Ref. [4], the FRF is defined for 
the SFFR scheme. Hence, the FRF can be obtained as 
follows: 
1/ 3 2 / 3 3 / 3
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where the symbol ⋅  stands for the cardinality of frequency 
set. By considering 1/ 3 2 / 3 3 / 3A A A A= + + , the following 
relation is obtained: 
0 1 43 3A u u u= + + (2) 
Combining Eqs. (1) and (2), the FRF is computed as: 
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Following the example of cell 1, the number of available 
frequencies in cell-center is 0u , whereas in the cell-edge is 
1 42u u+ . Assume that ( )0 1 42u k u u= + , where k is a 
constant parameter, then 4u can be obtained from Eq. (4): 
0 0




= − −   (5) 
Finally, taking into account Eqs. (4) and (5), Eq. (3) can be 





η ⎛ ⎞= + +⎜ ⎟
⎝ ⎠
  (6) 
It can be seen from Eq. (6) that as FRF grows, the available 
frequency resources in cell-center increase, while those in 
cell-edge decrease.  
However, the SFFR scheme, as many other 3GPP LTE 
proposals, allocates partial power to users in cell-center and 
full-power to users in cell-edge, which may result in 
additional interference. To mitigate the inter-cell interference, 
an inter-cell power control algorithm is proposed in the next 
section for optimizing the power allocation. 
3  Inter-cell power control 
Intra-cell power control is an important technology in 
CDMA systems, since it reduces the distance effect and 
mitigates intra-cell interference among users. However, in 
OFDM systems, intra-cell sub-carriers are orthogonal, and 
thus the intra-cell interference is effectively avoided. In this 
case, the inter-cell interference becomes the major source of 
interference. 
In this section, an inter-cell power control algorithm is 
presented to adjust the power allocation in sub-carriers in 
OFDM systems. Specially, an exponential kernel iterative 
equation is also proposed for the inter-cell power control, 
whose performance is better than traditional arithmetic 
equations. By means of inter-cell power control, the balanced 
SINR can be established among cells, which not only reduces 
inter-cell interference, but also improves system performance. 
3.1  Kernel iterative equation 
For power control algorithm, the kernel iterative equation is 
an important factor, which directly affects the performance of 
each algorithm. In this article, a definition is given. If SINR in 
kernel equation is in the form of arithmetic operations, such 
as multiplication, division, addition and subtraction, the 
authors classify it as arithmetic kernel equation. At the same 
time, if SINR in kernel equation is in the form of exponential 
operations, it will be classified as exponential kernel equation. 
In traditional power control algorithms, most of kernel 
equations are arithmetic kernel equations, such as DB and 
DPC. Also for arithmetic kernel equation, its convergence 
speed is usually slowly in iterations. As classical arithmetic 
kernel equations, the kernel equations of DB and DPC are 
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  (7) 
As shown in Eq. (7), thγ  is the threshold SINR, ( )nγ  is 
the SINR in the nth iteration and ( )np  is the power in the nth 
iteration. It can be seen that SINR is in a form of fraction, 
where the threshold SINR is divided by current iterative SINR. 
Except for DB and DPC, many other kernel equations are 
evolved from such fractional SINR, but only modified with 
several extra parameters. 
To improve the performance of the kernel iterative equation, 
an exponential kernel equation is proposed, whose convergence 
speed is faster than traditional arithmetic kernel equations. On 
the other hand, the previous iterative power is added as a 
weighted feedback in kernel equation. The proposed exponential 
iterative equation can be expressed as follows: 
( )th( )( 1) ( ) ( 1)e (1 )
nkn n np p pγ γμ μ−+ −= + −                  (8) 
where k is a positive constant, μ  is a relaxation factor 
0 1μ<( ≤ ) and ( 1)np −  is the power in the ( 1)thn −  iteration. 
The term related to the ( 1)np −  power can be seen as a 
weighted feedback, which helps maintain the robustness in 
iteration. 
To make SINR converge into a fixed value in iteration, the 
kernel iterative equation needs to meet several requirements, 
namely, nonnegativity, monotonicity and scalability [11]. 
Furthermore, the proof for such exponential kernel iterative 
equation is given as follows. 
1) Nonnegativity
Assume that ( ) 0np ≥  and ( 1) 0np − ≥ . Hence, from Eq. (8),
one can obtain ( 1) 0np + ≥ , which means such kernel equation 
is nonnegative. 
2) Monotonicity
If ( 1) ( )n np p+ >  and ( ) ( 1)n np p −> , the following can be
obtained: 
( )th( )( 2) ( 1) ( 1) ( ) ( ) ( 1)e ( ) (1 )( )
nkn n n n n np p p p p pγ γμ μ−+ + + −− = − + − −
      (9) 
Combined with the known conditions, one can get the 
following inequality: 
( )T( ) ( 1) ( )e ( ) 0
nk n np pγ γμ − + − >  (10) 
( ) ( 1)(1 )( ) 0n np pμ −− − >    (11) 
Finally, considering Eqs. (10) and (11), one can get 
( 2) ( 1)n np p+ +>  in Eq. (9), which proves the monotonicity of 
the exponential kernel equation. 
3) Scalability
Letα denote any real coefficient. Then, ifα multiplies such
kernel equation on the left, the following can be obtained: 
( )th
( )th
( )( 1) ( ) ( 1)
( ) ( ) ( 1)
[ e (1 ) ]
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= + − =
+ − (12)
 It can be concluded from the simplified process in Eq. (12) 
that such kernel equation is scalability. 
The above proof proves that the proposed kernel equation 
is nonnegativity, monotonicity and scalability. Therefore, it 
can be considered that such equation can be converged into a 
fixed value in iteration. 
3.2  Power control algorithm 
In inter-cell power control, the principle of inter-cell 
balanced SINR among cells is used for mitigating inter-cell 
interference. By means of inter-cell power control, a balanced 
SINR can be established for different users among inter-cells, 
which helps mitigate inter-cell interference and improve 
system performance. This algorithm is introduced as follows.  
In the initial state, users in intra-cell are divided into 
cell-center users and cell-edge users according to the power 
ratio (PR). Specifically, the PR is defined as the ratio of useful 
power and co-frequency interference from other cells. If the 
PR is higher than a standard value, such user is classified into 
cell-center user. Otherwise, such user is classified into 
cell-edge user. To mitigate the interference from cell-center 
users, these users are allocated with lower power. However, 
for those cell-edge users, they are allocated with higher power, 
which can improve the performance under poor channel 
conditions. 
On the other hand, the threshold SINR can be set for 
different users and class of services. According to the 
requirements of quality of service (QoS), four basic service 
types are defined by 3GPP, which are conversational, 
streaming, interactive and background, respectively. In 
addition, if perfect channel state information (CSI) is 
available at the transmitter, the expected SINR can be higher. 
Otherwise, the expectation for SINR can be lower. Combined 
with service types and CSI, it can get the order of priorities 
for SINR. Therefore, the threshold SINR is defined by each 
user taking into account the different service type and 
available CSI. These values are optimal and can be 
dynamically modified to follow a change in the service type. 
Once the initial parameters are established, the inter-cell 
power control algorithm starts the power adjustment for 
achieving the required threshold SINR in the inter-cell users. 
Taking a single co-frequency sub-carrier as an example, the 
steps of this iterative algorithm are as follows: 
Step 1 Set the initial parameters, such as the initial power 
(0)
ijp  from cell j to user i, the threshold SINR 
th
iγ , and the 
noise power iv . 









=   (13) 


















Step 4 According to the following kernel iterative 
equation, compute the modified power ( 1)niip
+  in the next 
iteration ( 1)n≥ : 
( )th( )( 1) ( ) ( 1)e (1 )
n
i ikn n n
ii ii iip p p
γ γμ μ−+ −= + −                 (15) 
Step 5 Compute ( 1)niγ
+  when the power is ( 1)niip




















    (16) 
Step 6 If ( 1)n thi iγ γ ε
+ − ≤ , the algorithm stops and the 
optimal power allocation is ( 1)niip
+ . Else, go to the next step. 
Step 7 If ( 1) max
n
iip p
+ ≤ , 1n n= + , go back to step 4. If 
not, the user with minimum SINR requirement is removed 
and the priorities are reset. Then, the algorithm goes back to 
step 1. 
In the first step, on the basis of the initial parameters, the 
first iterative power is computed by the arithmetic kernel 
equation, and the first SINR under such power can be 
obtained by the SINR equation. On this basis, the next 
iterative power is updated by the exponential kernel equation, 
where the first power is as the feedback power, and the first 
SINR is as a variable. Then, the new SINR under the iterative 
power can be obtained by SINR equation. If such SINR 
approximates to the threshold value, stop iteration and output 
the power; otherwise, go back to continue the iterative 
process, until current SINR approximates to the threshold 
value. 
Because the maximum power is constrained in power 
allocation, if the iterative power is beyond the scope of the 
maximum power, still the current SINR doesn’t reach the 
threshold value, remove such user, and reset the initial 
parameters and priorities for users. Then start the new 
iterative process again.  
4  Performance analysis 
To compare the performance of the SFFR scheme and the 
inter-cell power control method, simulations are carried out. 
The simulation parameters are referred from 3GPP LTE 
proposals [12]. Consider 27 cells, with a cell radius of 1 km, 
all users are uniformly distributed in the cell area and the 
wraparound technique is invoked. Furthermore, the center 
carrier frequency is assumed to be 2 GHz, the system 
bandwidth is set at 10 MHz with the bandwidth of each 
subcarrier equal to 15 kHz, the number of subcarriers is 600 
and the overall transmit power per cell equal to 43 dBm. 
Moreover, the path loss model is modeled as 
( ) 128.1 37.6lgP d d= +    (17) 
First, the authors compare the performance of SFR and 
SFFR. Then, the convergence speed of different kernel 
iterative equations is analyzed. Moreover, based on the SFFR 
scheme, the throughput and the block loss rate are compared, 
which are respectively taken by the fixed power allocation, 
DB algorithm, DPC algorithm and the proposed power 
control algorithm. 
Fig. 2 compares the average data rate in cell-edge for SFR 
and SFFR, where the FRF is set as 8/9. It can be seen that the 
average data rate in cell-edge decreases as the number of 
users per cell increases. However, the SFFR scheme 
outperforms the SFR scheme for a given number of users per 
cell. Specially, as the increase of users, the improvement by 
the SFFR scheme is more than the SFR scheme, which shows 
that it is more effective when the number of users is large. 
Fig. 2  Comparison of average data rate in cell-edge 
Fig. 3 shows the convergence of the DB, DPC and 
exponential kernel equations. It can be seen that it is a gradual 
convergence process for DB and DPC equations, which 
reaches to the threshold SINR in the end. For the proposed 
equation, however, its iterative speed is faster than DB and 
DPC. Furthermore, the reason is that DB and DPC are in a 
form of arithmetic equations, which is a slowly convergence 
process compared with exponential equation, and the result is 
shown in Fig. 3. On the other hand, it can be seen that the 
robustness of the proposed equation is better than DB and 
DPC, which shows the weighted feedback in the proposed 
equation effectively improves the stability of iterative 
convergence. However, for DB and DPC, there are some 
vibrations in this process, especially when the difference of 
threshold SINR and the initial SINR is large. 
In Fig. 4, the authors compare the throughput in cell-center 
when four methods are taken at different FRF values. As 
shown in Fig. 4, with the increase of FRF, the average 
throughput gradually increases in the cell-center. The reason 
is that users in cell-center are allocated with more sub-carriers 
when the FRF is large, which improves the average 
throughput for good channel conditions in the cell-center. 
When the FRF is small, users in the cell-center are allocated 
with fewer sub-carriers, while with more sub-carriers in the 
cell-edge, which decreases the average throughput for poor 
channel conditions in the cell-edge. 
Fig. 3  Convergence of kernel iterative equations 
Fig. 4  Comparison of throughput in cell-centre 
Moreover, Fig. 4 shows that the proposed exponential 
kernel equation outperforms the fixed power allocation, DB 
and DPC algorithms. The fixed power allocation method 
assigns partial power to users in cell-center and full power to 
users in the cell-edge. However, for the proposed power 
control method, it establishes a principle of inter-cell balanced 
SINR, which dynamically changes the power by iterations to 
make SINR to the threshold value. Generally, the threshold 
SINR is an optimum value for users, which not only meets the 
requirements for different services, but also reduces extra 
power to interfere with co-frequency users in other cells. 
Naturally, the average throughput is improved by such 
threshold SINR . 
Finally, Fig. 5 shows the blocking rate in cell-edge. It can 
be seen that for users in cell-edge, the blocking rate is reduced 
more after using power control method. From this result, it 
illustrates that the interference brought by power allocation is 
one of important reasons for the blocking rate increases in 
fixed power allocation method. 
Fig. 5  Comparison of blocking rate in the cell-edge 
Moreover, in the fixed power allocation, full power is 
allocated to users in the cell-edge. This power allocation 
improves the partial users’ performance, while it also 
introduces additional interference to co-frequency users in 
other cells. When the number of users in cell-edge increases, 
this interference increases, and hence the blocking rate is 
growing. On the other hand, when a dynamical power control 
method is performed and a balanced SINR among users is 
established, the additional interference introduced by the 
fixed power allocation can be effectively avoided. Therefore, 
the blocking rate is significantly reduced when the DB, DPC 
and the proposed exponential kernel equation are simulated. 
5  Conclusions 
To mitigate inter-cell interference, a novel inter-cell 
interference coordination scheme called SFFR is proposed in 
this article, which can effectively improve the data rate in 
cell-edge. The numerical results show that compared with the 
SFR scheme, the SFFR scheme improves the performance in 
the cell-edge.  
On this basis, an inter-cell power control algorithm is 
proposed, which is based on a novel exponential kernel 
iterative equation and the principle of inter-cell balanced 
SINR. Furthermore, the performance of the proposed power 
control algorithm outperforms the fixed power allocation, DB 
algorithm and DPC algorithm. Specially, the convergence 
speed of the proposed kernel equation is faster than traditional 
arithmetic kernel equations with the same iterative steps. By 
means of this algorithm, it enables improvement in the 
throughput and reduces the blocking rate.  
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